Introduction {#s0001}
============

After the declaration of the H1N1 influenza pandemic in 2009, H1N1 vaccines were widely administered. In certain countries in Europe, vaccination campaigns firstly targeted the most susceptible populations, including children, who had priority access to the vaccine. However, the vaccination coverage of children was very heterogeneous across European countries (range 0.2--74%).[@cit0001] Of the approximately 40 million vaccinees in the European Union (EU), over 30 million received *Pandemrix*™ (D-Pan H1N1), a pandemic H1N1 influenza vaccine manufactured by GSK in Dresden, Germany, which contained the inactivated pandemic A/California/7/2009 (A(H1N1)pdm09) strain adjuvanted with AS03.[@cit0002] The vaccine was indicated for the prophylaxis of influenza in an officially declared pandemic situation, and, since 2010 post pandemic, for the prophylaxis of influenza caused by the A(H1N1)pdm09 virus in the EU, if trivalent seasonal vaccines were unavailable. Since the end of the 2010--11 northern hemisphere influenza season, the vaccine was no longer being used or produced.

An increased incidence of narcolepsy after D-Pan vaccination has been reported, particularly among children and adolescents, with the first reports emerging in August 2010.[@cit0004] Narcolepsy is a rare chronic disorder characterized by excessive day-time sleepiness and episodes of cataplexy due to the loss of hypocretin-producing neurons, and likely has an autoimmune basis.[@cit0005] In 2012, GSK submitted a research plan to the European Medicines Agency aiming to further investigate the potential association between D-Pan vaccination and the narcolepsy signal.[@cit0006] Since the relative risk of narcolepsy has not been observed as similarly increased for vaccinees in the Canadian Quebec province who received *Aprepanrix*™ (Q-Pan H1N1),[@cit0007] an AS03-adjuvanted A(H1N1)pdm09 vaccine manufactured in Quebec City, one research objective was to evaluate the potential immunogenicity differences between D-Pan and Q-Pan in terms of the quality of the antibody responses they elicited following immunization. The vaccines contained the same quantities of split-virion antigen (measured as hemagglutinin \[HA\] concentration) and the same dose of AS03. The two manufacturing sites where the detergent-split virion vaccines were prepared have used similar processes, however there were some differences which mainly occurred during downstream purification of the antigens.[@cit0008] Recently, several differences between the D-Pan and Q-Pan vaccine antigens were reported, including variations in one HA amino acid residue (146N) and in the amount of viral nucleoprotein (NP).[@cit0009] Yet, based on the hemagglutination inhibition (HI) titers induced by D-Pan or Q-Pan at 3 weeks post vaccination (Day 21) in both adults and children, the vaccines were found to be immunogenically equivalent (*i.e.*, having a 95% confidence interval of the geometric mean titer \[GMT\] ratio between 0.5 and 2).[@cit0012] Notably, immunogenic equivalence with respect to HI antibody titers had also been demonstrated for AS03-adjuvanted H5N1 vaccines manufactured at the Dresden and Quebec sites.[@cit0013]

Antibody avidity reflects the accumulated binding strength of multiple antigen-antibody interactions.[@cit0014] The relevance of the qualitative aspects of the humoral response, such as antibody avidity, for protective immunity has been highlighted for a variety of pathogens, e.g. ref.[@cit0015], although this has been contradicted by some reports.[@cit0019] During the A(H1N1)pdm09 pandemic, high-avidity antibodies have been linked to increased virus neutralization and less severe symptoms of infection,[@cit0022] while high-titered, high-avidity non-neutralizing antibody responses after influenza vaccination have been associated with severe influenza.[@cit0023] Avidity is generally determined by chaotropic ELISA, and occasionally by surface plasmon resonance (SPR)-based spectroscopy (e.g., in refs.[@cit0024]). The latter method is considered by some authors as more accurate and relevant,[@cit0027] because the near-physiological conditions under which it is performed preclude alteration of the antigen-antibody complex, and consequently the measured avidity provides a more correct reflection of the actual binding strength and kinetics. In SPR, biosensors measure the mass perturbations resulting from the analyte binding to the (antigen) ligand immobilized on the biosensor chip. The high sensitivity of SPR has been illustrated by its ability to detect differences in antibody avidity between elderly and young adult A(H1N1)pdm09 vaccinees.[@cit0025]

The current post-hoc evaluation was performed with the objective to investigate whether IgG antibodies elicited by the D-Pan and Q-Pan vaccines in children differ in terms of avidity. Using SPR, we assessed the serum samples obtained at Day 21 from children aged 3--9 years, taken from the above-mentioned primary clinical study in which HI responses to the 2 vaccines were compared.[@cit0012] As part of this analysis, we determined whether kinetic binding parameters (the end association \[binding\] rate and the dissociation rate) correlated with the HI titers. The evaluation was undertaken to address the question whether potential specific antigenic differences in the HA protein between the 2 vaccines may have contributed to the divergent observed associations with narcolepsy for D-Pan in some European countries and for Q-Pan in Canada.

Results {#s0002}
=======

SPR-based avidity testing of the serum samples of the D-Pan and Q-Pan groups (in duplicate) was performed based on a described technology.[@cit0024] Purified recombinant A(H1N1)pdm09 full-length HA (rHA0) was used as the immobilized ligand. Prior to quantitatively comparing the group avidity parameters, we optimized the SPR analysis method using 28 samples per vaccine group. Based on the outcomes, 1 or 2 samples per group were discarded (Table S1), and the remaining samples were used in the statistical analyses.

SPR analysis optimization {#s0002-0001}
-------------------------

### Sample preparation by purification of the IgG fraction {#s0002-0001-0001}

The IgG fraction was purified with the aim to reduce non-specific binding of the serum matrix and to remove IgM, since differences in the IgM fraction could confound the IgG measurements. During the purification process, the IgG-containing fraction is retained, whereas the other serum proteins are discarded. Since this process also results in sample dilution, we compared the HI antibody titers of the unpurified samples with those of the purified, IgG-containing sample fractions.

All obtained HI titers exceeded 1:40 before purification and had decreased by approximately 50% after purification, but all remained at or above 1:40 (Table S1). For both the Q-Pan and D-Pan group, there was a positive correlation between post- and pre-purification HI titers (r = 0.83 and r = 0.77, respectively). This suggests that the impact of purification on HI titers was mainly attributable to dilution, although a minor contribution from other factors, such as the removal of IgM, cannot be excluded.

### HA-specific binding level determination {#s0002-0001-0002}

Using the purified IgG-containing fractions, we determined the level of non-specific (background) binding of the serum matrix that remained present after the purification step, as measured on the biosensor\'s reference channel. We also assessed the stability of the biosensor chip\'s binding capacity, and established the rate of HA-antibody binding that was reached at the stability point, at 600 s (the 'end association rate\'), for the control (an A(H1N1)pdm09 HA-specific mouse monoclonal antibody \[mAb\]).

For the majority of samples, non-specific binding was close to baseline (Fig. S1). Only one sample (of the D-Pan group) showed very high non-specific binding (∼70 resonance units \[RU\]) and was therefore not used for further statistical analyses.

The low statistical variation in the end association rates for 10 injections of the control mAb (coefficient of variation \[CV\] 1.3%; mean 29.7 RU) suggested that the binding capacity of the biosensor chip was conserved throughout the experiment (data not shown).

Avidity assessments by SPR {#s0002-0002}
--------------------------

We next evaluated the capacity of the purified D-Pan and Q-Pan serum samples to bind to rHA0. The avidity parameters evaluated were the end association rate, the dissociation rate (the fraction of HA-antibody complexes that remained bound at the end of the dissociation phase \[1000 s\]) and the dissociation rate constant k~d~. The k~d~ values were determined from the data obtained during the dissociation phase by the use of a 1:1 model, which corresponded to the fitting of the equation $R = R_{0}*e^{- (k_{d}{({t - t_{0}}\operatorname{))}}}$(where R/R~0~: binding responses at time-points t/t~0~, respectively; t~0~: stability report point, and t: the end of the 1000 s dissociation period). HA-specific signals were corrected for background binding on the reference channel and for the signal of the blank. The distributions of avidity parameter values and HI titers were characterized after a log~10~ transformation.

### Association and dissociation parameters {#s0002-0002-0001}

For both groups, the end association and dissociation rates and the k~d~ values were indicative of high avidity, i.e., strong binding and relatively slow dissociation kinetics ([Table 1](#t0001){ref-type="table"}**;** [Fig. 1](#f0001){ref-type="fig"}). Importantly, the 2 dissociation parameters assessed (dissociation rate and k~d~) correlated well for both the D-Pan and the Q-Pan group (r = 0.95 and 0.84 respectively), suggesting that both parameters were relevant and described the dissociation kinetics in a similar manner. Figure 1.Avidity parameters per vaccine group. The end association rate (binding response at the end of the association phase; A), dissociation rate (fraction of complex that remained bound at the end of the dissociation phase; B), dissociation rate constant k~d~ (C), and correlation between the dissociation rate and the k~d~ (D) were assessed for serum samples obtained 3 weeks after vaccination from children who received either the D-Pan or Q-Pan vaccine. Bars and error bars represent the means of 2 analysis runs per sample and the standard deviation (s.d.), respectively. HA-specific signals were corrected for background binding on the reference channel and for the signal of the blank. Control, an A(H1N1)pdm09 HA-specific mouse monoclonal antibody. RU, resonance units. Table 1.HI titers and avidity parameters.  Geometric Mean (95% CI)GMR ~Q-Pan/D-pan~ Data range across groups[^@^](#t1fn0001){ref-type="fn"}D-PanQ-Pan(95% or 97.5%CI[^\#^](#t1fn0002){ref-type="fn"})HI titers pre-purification80--3620929 (677--1273)814 (590--1122)0.88 (0.56--1.37)HI titers purified IgG fraction57--1280453 (338--607)413 (306--556)0.91 (0.60--1.39)Association rates (RU)[^\*^](#t1fn0003){ref-type="fn"}7.7--34.515.4 (13.4--17.7)12.4 (10.8--14.3)0.81 (0.64--1.01)Dissociation rates (%)[^\*^](#t1fn0003){ref-type="fn"}79.2--110.594.5 (92.5--96.5)95.5 (93.5--97.6)1.01 (0.98--1.05)k~d~ (s^−1^)[^†^](#t1fn0004){ref-type="fn"}1.1 × 10^−8^--1.7 × 10^−4^---------[^2][^3][^4][^5]

The correlation between HI titers and the association or dissociation rate was assessed irrespective of the vaccine group. In contrast to the dissociation rate, which is only k~d~-dependent, association rates are dependent on the specific antibody concentration and affinity (k~d~/k~a~; where k~a~ is the association rate constant). Perhaps consistently, for both the pre- and post-purification HI titers, we found no correlation with the dissociation rate and a positive correlation with the end association rate ([Fig. 2](#f0002){ref-type="fig"}). Figure 2.Relationship between HI titers and avidity parameters before and after sample purification. Serum samples were obtained 3 weeks after vaccination from children who received either the D-Pan or Q-Pan vaccine. Samples were purified to reduce the fractions of IgM and non-specific protein. End association and dissociation rates were assessed on the serum samples before purification, as well as on the purified IgG fraction (left-hand and right-hand panels, respectively). Symbols represent the averages of 2 analysis runs per sample. The r correlation (indicated in the left-hand corner of each graph) was determined irrespective of the vaccine group. RU, resonance units. HI titer, hemagglutination inhibition titer.

Overall, the SPR method yielded analytically acceptable results. The end association rates were highly reproducible (with an average CV of 7.8%), and only 2 samples (both of the Q-Pan group) yielded end association rates that were considered unsuitable to include in further statistical analyses (*i.e.*, differing less than 1 RU with the signal of the blank). Dissociation rates for the control mAb (mean 75.9%, CV 1.4%) were in all cases lower than those measured for the serum samples. For some samples, dissociation levels exceeded 100%, which corresponded with k~d~ values at or below 10^−7^ s^−1^. These values should be interpreted with caution, since this apparent increase in binding during the dissociation phase may be the result of the correction applied for the background binding on the reference surface, with the samples in question behaving differently on the reference surface as compared to the HA surface.

### Comparison of avidity parameters between groups {#s0002-0002-0002}

The main research objective was to compare the kinetic parameters of antibody binding to rHA0 between the D-Pan and Q-Pan groups. There was no evidence of a significant difference between groups for either the end association or dissociation rate ([Table 1](#t0001){ref-type="table"}; [Fig. 3AB](#f0003){ref-type="fig"}). Yet, a difference in the end association rates could not be excluded, as the upper limit of the geometric mean ratio (GMR) confidence interval was found to be close to 1.

Given the observed correlation between post-purification HI titers and end association rates, and because there was a minor difference in post-purification HI titers between groups (Fig. S2; [Table 1](#t0001){ref-type="table"}), we next evaluated the potential difference in end association rates after adjustment for the antibody concentration ([Fig. 4](#f0004){ref-type="fig"}; [Table 2](#t0002){ref-type="table"}). Based on the performed supplementary analysis of covariance, we found no evidence that the observed trend in the association rates could be explained by a difference in the HI titers. Figure 4.Relationship between end association rates and HI titers after adjustment for the antibody concentration. The correlation between the log~10~-transformed data of the end association rate and hemagglutination inhibition (HI) titers was assessed after adjustment for the antibody concentration. Serum samples were obtained 3 weeks after vaccination from children who received either the D-Pan or Q-Pan vaccine. Symbols represent the averages of 2 analysis runs per sample. Regression lines were estimated by analysis of covariance modeling. RU, resonance units. Table 2.Geometric mean (ratio) of the association rate after adjustment for the antibody concentration. Geometric mean (95% CI) of the association rate, in RU CovariateD-PanQ-PanGMR ~D-Pan/Q-Pan~ (95% CI) of the association rate, in RUlog~10~HI titer (pre-purification)15.1 (13.8--16.4)12.7 (11.7--13.9)0.84 (0.75--0.96)log~10~ HI titer (purified IgG fraction)15.2 (13.9--16.6)12.7 (11.6--13.9)0.83 (0.73--0.95)[^6]

Due to the presence of outliers in the log~10~-transformed k~d~ values ([Fig. 3C](#f0003){ref-type="fig"}), no further statistical analyses were performed for this parameter. Figure 3.Distribution of avidity parameters. Distributions of the log~10~-transformed data for the end association rate (A), dissociation rate (B) and the dissociation rate constant k~d~(C) were determined using serum samples obtained 3 weeks after vaccination from children who received either the D-Pan or Q-Pan vaccine. Box-and-whiskers plots represent the medians and interquartile ranges (boxes), and the minimum and maximum values (whiskers). Diamonds and open circles represent means and outliers, respectively. Values above the 75^th^ percentile + 1.5 IQR, or below the 25^th^ percentile -- 1.5 IQR, were considered outliers. RU, resonance units.

Discussion {#s0003}
==========

Although case reports of narcolepsy after D-Pan vaccination have emerged in several European countries, a similar observation has not been made in a retrospective population-based study in Q-Pan vaccinees in Quebec.[@cit0007] Consistently, a recent report of post-marketing safety surveillance data in Ontario, Canada did not reveal any possible narcolepsy cases among Q-pan vaccinees.[@cit0030] The results of the Quebec study prompted the question whether vaccine-induced antibody responses vary between the 2 vaccines. Since the immunogenic equivalence of D-Pan and Q-Pan vaccines in terms of HI titers has been demonstrated in the primary study,[@cit0012] we used in the current *post-hoc* evaluation a subset of these samples to investigate whether differences in antibody avidity exist between the responses induced by the 2 vaccines. We performed an SPR-based avidity analysis to evaluate the capacity of the D-Pan and Q-Pan sera to bind to rHA0, by assessing the end association and dissociation rates and the k~d~.

Our results showed no evidence of a significant difference in the end association and dissociation rates between the vaccines, which is consistent with the primary study results demonstrating equivalence of HI titers.[@cit0012] We do not expect that the 3 single-residue differences between the sequences of the vaccines and/or the ligand would have affected the results, because the kinetic parameters measured for the polyclonal serum samples represented the sum of the values obtained at the individual antibody level, which were likely to complement each other. Moreover, even if such variation would result in a detectable impact on the avidity parameters of a sample, this impact would likely be similar for both vaccines, since the same ligand was used for all the analyses. On a separate note, our data showing that the dissociation rate did not correlate with the HI titers may be in line with the fact that dissociation (in contrast to association) is theoretically concentration-independent, although the exact concentrations of the different antibody populations in the polyclonal sera are unknown.

The high-avidity antibodies detected for both vaccines reflected a slow decay of the rHA0 antigen-antibody complexes. Though we did not include a non-adjuvanted vaccine control group, our results align with the high avidity of the HA-specific antibodies induced by pandemic H5N1 or A(H1N1)pdm09 vaccines containing another oil-in-water based adjuvant (MF59).[@cit0024] In these studies, antibody avidity was found to be enhanced in sera from recipients of the MF59-adjuvanted vaccines relative to sera from recipients of non-adjuvanted and/or alum-adjuvanted vaccines.

Overall, the analytical performance of the SPR assay was satisfactory. First, purification of the IgG fraction removed the IgM antibodies (which have higher molecular weights than IgG and may thus interfere with the IgG measurements) and largely reduced non-specific binding, thus enhancing the specificity of the detected signal. Given the naturally lower levels of IgM *vs* IgG in the current age group,[@cit0031] IgM antibodies were in any case expected to account for only a minor fraction of the elicited anti-HA response. Indeed, we previously observed that IgM removal from post-vaccination serum samples from children had no impact on the HI titers of these samples (unpublished data). Second, the high reproducibility of the data obtained with the control mAb between test runs indicated that the integrity and folding of the immobilized HA was maintained (although these results will need to be extrapolated to the polyclonal antibodies in the sera). In addition, the relatively long (600-s) period allowed for sample injection over the rHA0 surface may have contributed to the high data reproducibility, because it ensured that the plateau state of the antibody-antigen interaction was approached. This is important for a correct determination of the interaction\'s kinetics and strength. Last, it has been suggested that for a reliable k~d~ definition, the decrease in response signals during the dissociation phase should be at least 5%.[@cit0032] Although the dissociation levels in our study indicated that approximately 95% of complex remained bound at the end of the dissociation phase, we found a reassuringly high level of correlation between the dissociation rate and the k~d~, supporting the validity of the k~d~ fitting.

A limited number of studies have used Biacore biosensors to determine antibody avidity in polyclonal sera (e.g. refs.[@cit0019]), and the procedures followed in the current evaluation may contribute to further development of this methodology. Specifically, using the purified IgG fraction as test item and applying a longer sample injection period, as well as basing the data analysis on the dissociation rate rather than on the k~d~ (which may give a closer representation of the biological binding behavior) may have contributed to improve the data quality.

A possible study limitation is that the HA dose of the pediatric D-Pan vaccines used in the primary study, and the dose used in the European countries in which the narcolepsy signal was detected, were different (i.e., 0.9 *vs* 1.9 µg HA, respectively[@cit0012]). The potential impact of this on the present results is unknown. Nevertheless, for AS03-adjuvanted H5N1 pandemic influenza vaccines it has been observed that a 2-fold change in the antigen dose did not appear to condition the HI antibody response.[@cit0036] Moreover, the use of serum samples from a lower-dose vaccine might have increased the sensitivity to detect immunogenicity variances between treatment groups. As a potential second study limitation, we observed that a borderline difference between the vaccine groups may be present for the end association level, which could not be explained by a difference in HI titers. The sample size of the current study may not have been sufficiently large to detect this difference as statistically significant.

The initial incentive for comparing antibody avidity parameters between the Q-Pan and D-Pan vaccines was the negligible increased risk of narcolepsy observed in Quebec.[@cit0007] The data from the present avidity analysis do not support the hypothesis that the differential narcolepsy risks observed in studies in Europe and Canada are associated with differential avidities of the IgG antibodies. Apparently, the recently reported minor difference between the Q-Pan and D-Pan antigens with respect to the HA amino acid sequences[@cit0009] do not translate into differences in anti-HA antibody avidity. Since the current results thus do not seem to support further investigation into possible variances in antibody avidity, other areas of immunological research might potentially contribute to our understanding of the observed variances in the narcolepsy risks.[@cit0010]

Conclusion {#s0004}
==========

The D-Pan and Q-Pan vaccines both elicited high-avidity HA-specific antibodies. The combined HI and avidity data support the conclusion that there are no major immunogenicity differences between the D-Pan and Q-Pan vaccines in terms of the quality of the humoral (IgG) responses to the HA protein. However, these data cannot serve to exclude the existence of minor antigenic differences in the HA proteins between the 2 vaccines.

Materials and methods {#s0005}
=====================

Serum samples {#s0005-0001}
-------------

The 56 serum samples (28 per vaccine group) used in the current study were obtained from a Phase II randomized, controlled study (NCT01161160) conducted in the Philippines and Thailand between January 2010 and January 2011, in which healthy children aged 3 to \< 10 years received a single dose of D-Pan or Q-Pan vaccine.[@cit0012] Samples were collected 21 days after vaccination (Day 21). One dose contained a specified volume of an antigen formulation with a HA concentration of 15 μg/ml mixed with AS03~B~, to contain 0.9 μg HA per dose for both the D-Pan and Q-Pan groups. AS03~B~ (elsewhere in this article referred to as AS03) is an Adjuvant System containing α-tocopherol and squalene in an oil-in-water emulsion (5.93 mg tocopherol). The study was approved by local ethic committees and conducted according to good clinical practice and in accordance with the Somerset West 1996 version of the Declaration of Helsinki. Written informed consent was obtained from the parents/guardians of the children before the study procedures.

Study vaccines {#s0005-0002}
--------------

The D-Pan and Q-Pan study vaccines are monovalent, inactivated, detergent split-virion, influenza A(H1N1)pdm09 vaccines (reassortant X-179A strain derived from the A/California/7/2009 (H1N1)v virus) prepared from virus propagated in the allantoic cavity of embryonated hens\' eggs. The manufacturing processes for the D-Pan and Q-Pan H1N1 antigen components were similar to those of their corresponding licensed seasonal influenza vaccines (*Fluari*x™ and *FluLaval*™, respectively). For D-Pan H1N1, the virus was purified by centrifugation and disrupted with sodium deoxycholate[@cit0008], and inactivated by sodium deoxycholate and formaldehyde, then the split virus was further purified by ultrafiltration and sterilized by filtration. For Q-Pan H1N1, the virus was treated with ultraviolet light followed by formaldehyde inactivation, and after purification by centrifugation and disruption with sodium deoxycholate, the split virus was homogenized and sterilized by filtration.

Sample treatment {#s0005-0003}
----------------

Purification of the IgG fraction from the serum samples was performed in order to remove most non-IgG proteins found in serum. For untreated serum samples, the signal of the specific IgG fraction may be obscured by the non-specific protein fraction, as well as the IgM fraction (since the signal measured by SPR biosensors is proportional to a mass/surface unit; 1 RU = 1 pg/mm^2^;^\[^[@cit0037]^\]^). Briefly, serum samples were filtered at 4°C using Vivapure Q devices (Sartorius; \#VS-IX01QH24) to remove fibrin and fibrinogen. Next, the IgG fraction was purified from the filtered samples using Melon Gel IgG purification kits (Thermo Scientific; \#45206). The purified fractions containing the IgG were subsequently collected, dialyzed in the same buffer as was used for the avidity assessment by Biacore analysis (10mM TRIS 0.75 M NaCl, 5 mM EDTA \[pH 7.4\] and 0.05% Tween 20), and used for further testing.

Antigen ligand {#s0005-0004}
--------------

The HA external envelope protein, a full-length glycosylated recombinant protein of the H1N1 A/California/07/2009 strain (rHA0) (Protein Sciences, Meriden, USA, \#3006) was used to validate binding in the Biacore assay. The protein was produced in insect cells using the baculovirus expression vector system, and purified to obtain \>90% purity, under conditions that preserved its biological activity and tertiary structure. Sequence alignment revealed minor differences between the rHA0 amino sequence and the D-Pan or Q-Pan sequences at position 226 (i.e., T in the vaccine antigens, and K in the ligand), and position 240 (i.e., R in the vaccine antigens, and Q in the ligand). At position 146, the rHA0 and D-Pan sequences contained the same amino acid, N, while the Q-Pan sequence contained D, consistent with data from Jacob *et al.*, 2014.[@cit0009]

HI titers {#s0005-0005}
---------

HI titers were assessed as described[@cit0012], both before and after antibody purification. Briefly, 25 µl of serial dilutions of either the serum or the purified IgG fraction were dispensed in 96-well micro-titer plates. Twenty-five µl of A(H1N1)pdm09 influenza antigen (whole inactivated virus) was then added to each dilution, the plates were shaken at room temperature for 60 min, and 50 µl of chicken erythrocyte suspension was added to each well and shaken. Plates were then incubated at room temperature for 75 min. HI titers were determined by the highest dilution at which the hemagglutination was inhibited.

Antibody avidity assessment by SPR {#s0005-0006}
----------------------------------

Kinetic analysis of D-Pan and Q-Pan sera binding to rHA0 was performed on a Biacore T200 instrument (GE Healthcare, Uppsala, Sweden). The rHA0 was immobilized onto a CM5 sensor chip (Biacore, GE Healthcare). Using an amine conjugation kit (Biacore, GE Healthcare), the active flow cell was first activated with a 7-minute injection of equal volumes of 0.05M N-hydroxysuccinimide (NHS) and 0.2 M N-ethyl-N\'-diethylaminopropyl carbodiimide (EDC) according to the manufacturer\'s instructions. The rHA0 protein was then injected at a concentration of 5 µg/ml in 10 mM Na acetate buffer (pH = 5.5) with the 200 RU target level. Last, free non-reacted sulfinimide groups were blocked by a 7-min injection of 1 M ethanolamine hydroxide (pH = 8.5). The first channel was used as a reference surface to measure non-specific binding, for which the same amine chemistry was performed but no ligand was injected, and all sites were blocked with ethanolamine hydroxide. Dulbecco\'s phosphate saline buffer pH 7.4 (Lonza) supplemented with 0.05% Tween 20 was used as running buffer only for the immobilization. During the sample analysis, the serum samples or the purified IgG fractions were diluted 100-fold in running buffer (10 mM TRIS 0.75 M NaCl, 5 mM EDTA \[pH 7.4\] and 0.05% Tween 20) and analyzed randomly in a sequence of 10--14 samples, with each sequence comprising a first cycle of conditioning with blank injection, followed by the sample cycles, a control injection with HA-specific control mAb (in order to assess the binding capacity evolution), and, finally, a blank (buffer) injection. Each sequence was analyzed twice. The mouse influenza A(H1N1)pdm09 control IgG mAb (Abd Serotec, \#5315--2907) was diluted at 5 µg/ml in the running buffer. The study samples, blank and control were injected for 600 s, during which time association was measured. Dissociation was analyzed for 1000 s at a flow rate of 30 µl/min. The channels were regenerated by two 10 mM glycine-HCl pH 1.7 pulse injections (30 s at 30 µl/min). The analysis was performed at 25°C. The sample compartment temperature was set at 4°C. The k~d~ values were calculated using BIAcore T200 evaluation software (version 1.0), by fitting the $R = R_{0}*e^{- (k_{d}{({t - t_{0}}\operatorname{))}}}$equation (where R/R~0~: binding responses at time-points t/t~0~, respectively; t~0:~ stability report point; t: the end of the 1000 s dissociation period). A global fitting on both independent SPR runs was performed on each sample, and the agreement between experimental data and the calculated fits was evaluated. Dissociation data were corrected for non-specific binding by subtraction of the signals obtained for the reference surface and the blank (running buffer).

Statistical analysis {#s0005-0007}
--------------------

Descriptive statistical analyses were performed using SAS v9.2 software. Differences in antibody avidity parameters between vaccine groups were estimated by fitting an analysis of variance (ANOVA) model for repeated measures on the log~10~-transformed HI titers (as measured before and after sample purification), end association rates and dissociation rates jointly. Geometric means of both runs were used for the analysis of the latter 2 parameters. Geometric means and GMRs were estimated for each parameter, with 95% confidence intervals for the HI assays, and with 97.5% confidence intervals for the end association and dissociation levels. The latter was performed due to use of a Bonferroni correction to account for the multiplicity, in order to obtain an overall 5% type I error rate on the primary objectives. The correlation between HI titers and end association levels was also estimated through the ANOVA model. As a supplementary analysis, an analysis of covariance (ANCOVA) was fitted on the log~10~ association values in order to estimate the difference between groups after adjustment for the antibody concentration.
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